arly in 1893, Neuber discovered the autologous fat grafting for unilateral facial atrophy. 1 Skin rejuvenation and soft tissue augmentation by cosmetic facial filler injection have gained more and more popularity. Fat has been used as filler in other body regions as well as the facial area. Some devastating complications following the facial filler injection, such as iatrogenic visual loss 2-4 and cerebral infarction, 5, 6 have been reported. In 2014, a national survey of facial filler injection conducted by Korean Retina Society revealed a series of 44 patients who had diffuse or localized iatrogenic occlusion of the ophthalmic artery and/or its branches. Ophthalmic artery occlusion accounted for 38.6% of all the complications. 7 It is also notable that compared with artificial materials (hyaluronic acid, collagen, etc), use of autologous fat resulted in worse visual prognosis and higher incidence of combined brain infarction. 8 Autologous fat filling may cause blindness and brain lesion 9 ; however, the exact causative component of the fat tissue remains mysterious. Perhaps it is the fat lipid that eventually blocks the blood supply to the eyes and brain; alternatively, fat tissue as a whole or the fat granules could be the real causative factors resulting in complications. The explicit mechanism underlying the occurrence of ophthalmic complications is also under exploration; however, it is generally IMPORTANCE Complications caused by autologous fat filling have been reported. Comprehensive knowledge of the possible adverse effects of autologous fat filling is needed.
OBJECTIVE To determine the association of autologous fat filling with ophthalmic function complications.
DESIGN, SETTING, AND PARTICIPANTS
Four adult New Zealand white rabbits were killed for a facial anatomy study. Sixty-four adult New Zealand white rabbits underwent fat harvest using the Coleman technique. Autologous fat was minced or digested with collagenase 1 and centrifuged to separate fat lipid and fat granules. Either 0.2 mL or 0.4 mL of minced fat, fat granules, fat lipid, or saline (control) was retrogradely injected into the facial artery of rabbit models. Electroretinography and ophthalmic fundoscopy were performed to measure the retina and fundus artery occlusions 2 weeks after surgery.
MAIN OUTCOMES AND MEASURES Visual impairment, blindness, and death.
RESULTS Injection of 0.2 mL of fat granules, fat lipid, and saline resulted in 100% (8 of 8), 62.5% (5 of 8), and 0 ophthalmic complications, respectively; and 0.4 mL resulted in 87.5% (7 of 8), 12.5% (1 of 8), and 0 ophthalmic complications, respectively. Injection of 0.2 mL and 0.4 mL minced fat led to 100% (8 of 8) ophthalmic complications and death, respectively. The mortality rates were 37.5% (3 of 8), 12.5% (1 of 8), and 0 for 0.2 mL emboli injection, and 100% (8 of 8), 50% (4 of 8), and 0 for 0.4 mL, respectively.
CONCLUSIONS AND RELEVANCE In this study, minced fat injection was associated with more ophthalmic complications than injection of fat granules and fat lipid. Increasing the injection volume of fat tissues could raise the incidence of morbidity and mortality.
LEVEL OF EVIDENCE NA.
believed that the retrograde injection of cosmetic filler into the proximal artery is repumped anterogradely when the external force is gone, which thus causes artery occlusion and ischemia. 8, 10 In addition, another study 9 suggests that injection into areas such as the glabella, nasal region, nasolabial fold, and forehead may be more likely to cause ophthalmic artery blockage. By directly observing dye oozing from retrograde ophthalmic perfusion, the authors claimed that interarterial anastomoses between the face and the eyes allowed filler emboli to flow into the globe and caused ophthalmic complications.
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Previous studies have used rabbit models to conduct autologous fat transplantation. [12] [13] [14] In the present study, we conducted the faciocervical anatomy of the rabbit model to identify the anastomoses of rabbit faciocervical arteries. The anatomy results verified that the rabbit models shared a similar faciocervical artery network to that of human beings. We then investigated the impacts of undigested or digested autologous fat injection on ophthalmic functions of rabbit models. Full-field electroretinography and ophthalmic fundoscopy were conducted to determine the ophthalmic functions.
Methods

Study Animals
Sixty-eight male New Zealand White rabbits, aged 12 to 14 weeks, were obtained from Laboratory Animal Center of the Fourth Military Medical University (Xi'an, Shaanxi, China). The rabbits were housed separately under local vivarium conditions (24°C and a 12 hours/12 hours light-dark cycle). The rabbits were provided with tap water and food ad libitum, and were allowed to acclimatize to local vivarium conditions for at least 1 week. Of the 68, 64 rabbits underwent the fat-filling surgery and 4 underwent facial vascular anatomy. All animal handling and surgical procedures were in accordance with National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals, 15 and were approved by the ethics committee of the Fourth Military Medical University.
Rabbit Facial Vascular Anatomy
Four rabbits were used in the facial anatomy experiment. The dyeing method was referred to in previously published articles. 16, 17 Rabbits were fasted for 24 hours right before operation. The rabbits were killed with an overdose intraperitoneal injection of 150 mg/kg pentobarbital sodium solution (Schering-Plough). A cervical median incision was made and the common carotid arteries (CCA) and the common carotid veins (CCV) were exposed. V-shaped incisions were made on the walls of CCA and CCV followed by intravascular drainage with normal saline. Red and blue liquid dyes (the mixture of 60% natural latex and red or blue dyes [No. 0704, 1:10, Shanghai Zhenrong Chemistry-Engineering Ltd Company]) were injected into the CCA and CCV, respectively. The incisions on the vascular walls were then sutured and the samples were fixed in 70% ethanol and 10% formaldehyde for 1 week. Thereafter, the facial skin, muscles, adipose, and connective tissues were carefully removed to reveal the anatomy of faciocervical vessels.
Rabbit Autologous Fat Filling
Emboli used in this study were rabbits' own subcutaneous autologous fat tissues obtained from the inguinal areas. Sixtyfour experimental animals were randomly divided into 4 groups (n = 16). The rabbits in the 4 groups received minced autologous fat, fat lipid, fat granule, or normal saline (control) retrograde injections into the facial artery (FaA), respectively. Animals in each group were subdivided into 2 groups, with rabbits in 1 subgroup receiving a 0.2 mL and those in the other subgroup receiving a 0.4 mL fat tissue injection (n = 8).
The fat tissues for each group were prepared. The fat was harvested from every individual rabbit. The harvest was carried out before the facial dissection. It took approximately 1 hour to prepare the fat filling, after which, it took approximately 0.5 hours to get the rabbits under anesthesia and complete hair removal, site sterilization, and site incision, etc. After that, the rabbits underwent the surgery and injections. Generally, the preparation of fat took approximately 1.5 hours before the general anesthesia. The experiments were not performed on the same day. The experiments were conducted by the same team of surgeons and technicians. The team of surgeons and technicians received training prior to the conduction of the surgery. Briefly, for the minced fat group, 10 g of fat tissue was obtained from the unilateral inguinal region of the rabbit ( Figure 1A ) and rinsed with phosphate-buffered saline. The connective tissues were carefully removed, and the fat tissues were transferred to a sterile glass dish and manually minced with ophthalmic scissors until the minced fat tissue suspension was able to pass through an 18G needle easily (1 mm 3 , Figure 1B and C). For the fat lipid and fat granules groups, 10 g of fat tissue was cut into small pieces, and digested using 2.5% collagenase 1 (Sigma-Aldrich) solution at 37°C. After digestion, the collagenase 1 was neutralized with low-glucose Dulbecco modified Eagle medium (LG-DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco). The solution was centrifuged at 1000g for 5 minutes. The fat lipid ( Figure 1D , the supernatant, <1 μm) and the fat granules ( Figure 1D and E, the middle layer of the centrifuged sample, 1-10 μm) were carefully collected and stored for experiments.
Autologous Fat Filler Injection
General anesthesia was induced with an intravenous injection of 1% sodium pentobarbital, 30 mg/kg (Sigma-Aldrich), into the ear vein. 18, 19 To ensure sufficient circulative blood volume, a 5% glucose saline solution was slowly injected intermittently
Key Points
Question What association does autologous fat filling have with ophthalmic function complications in rabbits?
Findings In this rabbit study of 68 adult New Zealand white rabbits, harvested fat was injected as either minced fat, fat granules, or fat lipid and compared with saline. Minced fat was associated with more ophthalmic function complications than fat granules or fat lipid.
Meaning Minced fat may be more likely to cause ophthalmic complications and mortality than fat granules and fat lipid in autologous fat filling.
through ear venous catheter during the surgery, and a heating blanket was used to keep the rabbits' body temperature stable. Sodium cefazolin, 50 mg/kg (Southwest Pharmaceutical Co), was intramuscularly administered postoperatively every 6 to 8 hours for 72 hours. Coleman technique was used to inject fat filling into animals as previously described. 12 The hair around the injection site of the faciocervical region was removed using hair removal cream. The injection site was sterilized using 0.5% iodophor. An incision along the inferior border of the mandible was made, and the subcutaneous tissues were bluntly separated to expose the facial arteries. Approximately 0.5 hours later, 0.2 mL or 0.4 mL of minced fat, fat lipid, fat granules, or control saline was manually injected into the FaA using an 18G needle in a retrograde fashion. After the injection site was sutured under a microscope and the subcutaneous tissue and skin were closed, rabbits were kept separately for the subsequent observations and examinations after they fully recovered from the surgery.
Ophthalmic Examination
To identify the retina abnormity, we performed full-field electroretinography. The procedure was as described previously. 20, 21 The eye function before and 2 weeks after the injection was detected by full-field electroretinography. Briefly, 1% compound tropicamide mydriatic (Santen) was applied on both eyes of every rabbit after the maximal pupil dilation. Then after 30 minutes of adaptation in dark, a bipolar electroretinography contact lens electrode was placed on the cornea to measure the electrical responses to light of the cells that sense light in the retina at the back of the eye. A light source was placed 1 cm away from the cornea and a standard flash of 2 to 3 luminous intensity/m 2 /second was adopted as the light stimulus. The measurements of full-field electroretinography including maximal response electroretinogram, oscillatory potentials, flicker electroretinogram, rod-mediated response electroretinogram and cone-mediated response electroretinogram were recorded. Briefly, 1 to 2 drops of 1% compound tropicamide mydriatic were instilled into both eyes of the rabbits at least 30 minutes prior to fundoscopy examination. Both eyes of every rabbit were kept open. Fundus images were taken using a TRC 50EX fundoscope (Topcon).
Statistical Analysis
All statistical analyses were performed with χ 2 test using SPSS (package 21.0, IBM Inc). Statistically significant differences between groups were defined as P < .05.
Results
Facial and Ophthalmic Vascular Anatomy of Rabbit Models
A rabbit eye is mainly supplied by 2 major arteries: the internal and external ophthalmic arteries. The internal ophthalmic artery (IOA) is derived from the internal carotid artery (ICA), which enters the orbit through the optic foramen and supplies the optic nerve and the retina. It also gives off short branches to anastomose with branches from the external ophthalmic artery (EOA) into the long ciliary artery. The EOA branches from the internal maxillary artery (IMA) (which is branched from the external carotid artery [ECA] and exits the orbit through the infraorbital foramen), passes upward behind the optic nerve and curves over it to anastomose with a branch of the IOA. The EOA is the chief supply to the orbital contents, including the bulbs (except the retina), eye muscles and the Harder gland ( Figure 2A) . The long ciliary arteries that branch from the EOA anastomose with the branches from the IOA. The EOA finally branches into the lacrimal and frontal arteries (LA and FrA), which leave the orbit through the posterior and anterior supraorbital foramen, respectively ( Figure 2B ).
Ophthalmic Complications
Sixty-four rabbits were included in this study. All the rabbits received successful general anesthesia, and none developed general infection. A summary of the overall outcomes are shown in the Table.
Generally, the injection of minced fat or fat granules led to visual impairment and complete blindness, whereas the injection of fat lipid did not result in visual damage (only 1 rabbit injected with 0.4 mL fat lipid developed visual impairment). The incidence rate of ophthalmic complications of minced fat and fat granules groups were significantly higher than that of the control group. The incidence rate of fat lipid group did not show significant difference from the control group (Table) . Representative images of normal, vision-impaired, and blind rabbit eyes image, ophthalmic fundoscopy, and ERG results are shown in the eFigure in the Supplement. Briefly, in the minced fat 0.2 mL group, 3 of 8 (37.5% ) rabbits manifested impaired vision with the rest (5 of 8, 62.5%) completely blind. When 0.4 mL minced fat was injected, all rabbits died in anesthesia. In the fat granules 0.2 mL group, 2 of 8 (25.0% ) rabbits showed impaired vision and 3 of 8 (37.5%) became blind, whereas in the fat granules 0.4 mL group, 2 of 8 (25.0%) rabbits had impaired vision and 5 of 8 (62.5%) became blind. No rabbits had complete vision loss in either subgroup and only 1 rabbit of 8 (12.5%) in the 0.4 mL subgroup had partial vision loss.
Discussion
As the cosmetic industry is booming worldwide, safety concerns have arisen. Since Coleman et al 22 reported the first 2 cases of blindness occurred immediately after periorbital fat injection in 2002, more than 200 cases of ophthalmic and cerebral complications associated with fat tissue injections have been reported thereafter. 2,3,5-10, [23] [24] [25] [26] [27] It is believed that the number of actual incidence is higher than the reported number given the fact that large number of autologous fat filling surgeries are performed every year. Of note, a plethora of successful autologous fat grafting cases have been reported. However, the grafted fat can be harmful unless it maintains the shape and dimensions over 
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Association of Autologous Fat Injection in Facial Artery With Ophthalmological Complications time and finally integrates with the host tissues. 28, 29 Poor vascularization and volume loss are 2 primary obstacles for fat filling. [29] [30] [31] It has been reported that the overall outcome of soft tissue augmentation relies on the enlargement of adipocyte maturation after fat filling. 14 In addition, the release of growth factors that are critical for wound healing induced by the injected filler may lead to less proteolytic degradation, 32, 33 which is also an important issue to consider regarding the influence of autologous fat filling on the complication occurrence. Autologous fat granules have been reported to contribute to the increase of microvessel density, which is critical for vascular mature and stability in transplanted fat tissues. 14 Although the possible mechanisms that may influence the outcomes of injected fat fillers have been reported in previous literature, we felt it necessary to examine the nature of the fat tissue itself as well. Fat is composed of adipocytes, fat lipid, connective tissue, and blood vessels. By collagenase digestion and centrifugation, one can easily separate fat granules and fat lipid with connective tissue and blood cells. We retrogradely injected minced fat, fat granules, or fat lipid into the FaA of the rabbits. Only 5 of 16 rabbits in minced fat group managed to live with visual loss and blindness whereas others died at different time points during or after surgery. This finding suggests that minced fat is the most lethal embolus to the arteries. Compared with the minced fat group, the fat granules group exhibited a much lower morbidity and mortality rate: only half of the rabbits suffered from blindness and less than one-third of animals died within 2 weeks after surgery. The only difference between minced fat and fat granules is the removal of the connective tissue and blood cells; we therefore hypothesize that the connective tissue works in the fashion of a net, holding all the constituents firmly together, so when connective tissue and blood cells were removed from the minced fat, the fat tissue samples (fat granules and fat lipid) are much more loosened. When fat granules or fat lipid was injected into the arteries, they would be washed away by the intense arterial blood flow and further break down into even smaller granules, thus the occlusions would be more likely to be observed in the terminal end of the arteries. This explains that the incidence rate of blindness and death of the fat granules and fat lipid groups is much lower than that of the minced fat group. Clinically, autologous fat tissues are usually minced into smaller pieces manually (without the removal of connective tissue) by surgeons, which makes the fat graft less viscous and more easily injected through a syringe or cannula.
In this study, 0.2 mL or 0.4 mL of fat tissue was given to rabbits. We found that all the rabbits that undertook 0.4 mL of minced fat died immediately after surgery, whereas more than one-third of those who received 0.2 mL of minced fat died within 2 weeks after surgery. These results indicate that a larger amount of fat could lead to worse outcomes, yet 0.2 mL minced fat is also beyond the fatal threshold of the fat injection. The mortality rate of the 0.2 mL fat granules group (12.5%) was lower than that of the 0.4 mL group (50%), and had no significant difference compared with the overall mortality rates of the fat lipid group (0) or control group (0). Thus, the safety thresholds for ophthalmic complications should be less than 0.2 mL considering the statistically higher morbidity rate of the experimental group than the control group. A common agreement in the clinic on a comparatively safe injection manner, proposed by Abbreviation: NA, not applicable.
a All the rabbits in this group manifested complications. Two rabbits had both complete blindness and neurological complications, and they died within 2 weeks. Another blinded rabbit also died.
b All 8 rabbits died without recovering from the general anesthesia within 12 hours.
c Two rabbits showed impaired vision and 3 showed complete blindness. The rabbit with both blindness and neurological complications died. Other rabbits manifested no abnormalities.
d Two rabbits showed visual loss but managed to survive. Of the 5 blinded rabbits, 3 developed neurological disorders and died within 2 weeks. Other rabbits manifested no abnormalities. Beleznay et al 9 that "minimal amount with multiple injections at each site" is now followed by most surgeons. However, the 0.2 mL as the fatal safety threshold only applies to adult male New Zealand white rabbits; human data are needed. Another key prevention strategy is to obtain a thorough and comprehensive understanding of the anatomy of facial and ophthalmic artery system before performing any surgical procedures. So, before we carried out the surgical procedures, we did a brief study into rabbit facial and ophthalmic artery anatomy. Four of 4 rabbits that underwent postmortem facial anatomy examination and dissection showed similar facial vascular network to humans. To the best of our knowledge, few, if any, studies have reported on this subject. However, there are indeed many previous studies revealing that New Zealand white rabbits shared similar facial vascular anatomy with humans.
12-14 Similar to the human arterial system, rabbit eyes are also supplied by 2 major arteries, the IOA from the ICA and the EOA from the ECA. The IOA and EOA anastomose in the long ciliary artery. The New Zealand White rabbits have analogical ophthalmic artery anatomy and anastomoses to human beings, ie, the supraorbital, supratrochlear, and dorsal nasal arteries are the proximal branches of ophthalmic artery (branched from ICA) and anastomose with proximal branches (ie, the angular artery) from the FaA (branched from ECA). These similarities between the rabbit and human ophthalmic systems ensure the practical significance of our study.
Limitations
Certain limitations exist in this study. First, we have only studied the influence of autologous fat grafting in male rabbit models, whereas further studies on female rabbit models should also be conducted to make the conclusion less biased. The applied pressure of the injectors and the injector type (automatic vs well-controlled injectors) should also be considered in future studies to learn their influence on the study outcomes. In addition, a standardized neurological complication assessment method can be adopted in future studies to investigate the effects of autologous fat filling on neurological functions, which will make conclusions richer. Other filling techniques, such as collagens, hyaluronic acid, and synthetic fillers could also be considered in experiments. Furthermore, we would consider working on different and/or gradient volumes other than 0.2 mL and 0.4 mL of autologous fat filler in this series of studies. Finally, owing to the difference in the sizes of human and rabbit facial vessels, we can only make cautious recommendations to surgeons on the clinical application, ie, whether enzymatically digested fat could reduce the incidence rate of ophthalmic complications calls for further investigations both in the laboratory and in clinic.
Conclusions
We have gained an understanding of the model rabbits' ophthalmic artery system. We have discovered the thresholds of ophthalmic complications and death of different fat tissue injection methods. We have provided a possible explanation for the ophthalmic complications resulting from different fat tissue injections. Certain limitations that exist in this current study imply that further studies are warranted. very rare but dreaded complication associated with facial fat injections. Using a rabbit model, the authors investigated ophthalmological consequences of retrograde injection into the facial artery, comparing minced fat, fat granules, fat lipid, and saline control injections. They found that the method of adipose tissue procurement played a significant role, contributing to the higher rates of blindness in the autologous (minced) particles. In documenting the detrimental effects of intraarterial fat injections using clinical and diagnostic measurements, their methodology and results support their claims in a convincing clinical and statistical fashion.
In 2016, more than 79 000 autologous fat injections were performed in the United States, a 13% increase from 2015. Given the increasing popularity of these injections owing to increased demand and new uses, the incidence of blindness may also increase.
3 Therefore, Liu et al 1 assessed the risks of embolic fat injection in case of inadvertent intraarterial fat injection. Clinically, this devastating complication that results in occlusion of the ophthalmic artery and its branches after softtissue filler injection has been reported in 44 cases, mostly from autologous fat. 4 Facial plastic surgeons should be familiar with the facial vasculature to minimize the risk of inadvertent intraarterial injection of autologous fat, which is associated with more severe visual outcomes than other soft-tissue fillers. 4 The similarity in facial vascular anatomy between rabbits and humans supports the relevance of the authors' animal model, including its future uses in studying autologous fat and other soft-tissue filler injections in the face. Most of the 14 premarket approval studies for soft-tissue fillers were injections to the nasolabial folds and cheeks. 5 In 12 fresh human cadavers injected with hyaluronic acid in the glabella, nasal dorsum, and nasolabial fold, Wu et al 6 reported that the supratrochlear, supraorbital, dorsal nasal, and angular arteries were the most vulnerable to the dangers of soft-tissue filler injections. Moreover, Liu et al's 1 assertion that the method of fat preparation contributes to the injection-associated risk is supported by earlier studies reporting on the contribution of particle size and risk of occlusion to the ophthalmic artery branches. In reviewing cerebral angiographic findings for 7 patients who sustained ophthalmic artery occlusion, Kim 
